The aim of this study was to examine the effect of serotonin and epinephrine on ion transport of isolated frog skin. The addition of serotonin after incubation in Ringer solution (RH), bumetanide (BUME), and after initial incubation in amiloride and subsequently in RH, reduced hyperpolarization and did not effect the mechanosensitivity of frog skin. Following incubation of the frog skin with amiloride (AMI), serotonin did not affect the value of hyperpolarization and increased mechanosensitivity. The addition of epinephrine (EPI) on frog skin incubated in RH and AMI did not affect hyperpolarization, but repeated application of this compound after serotonin increased hyperpolarization. After incubation with bumetanide, addition of EPI before and after application of serotonin did not affect the value of the examined parameters of the frog skin. Initial incubation with AMI and later in RH caused a drop in reaction to EPI and no effect on mechanosensitivity. Repeated addition of epinephrine in this group did not affect the reaction value, while it decreased the reaction value during mechanical stimulation. The experimental data presented in this study indicate that serotonin inhibits the sodium ion current. Epinephrine inhibits the chloride ion current, however, after the application of serotonin, EPI stimulates sodium ion transport.
5-HT -serotonin
The transepithelial processes of absorption and secretion of ions in frog skin create and maintain a difference in the transepithelial electrical potential difference (PD), which is an electrophysiological exponent of ionic current in this organ. The value of this parameter is a combination of two processes (KOSIK-BOGACKA & TYRAKOWSKI 2001 , 2002 , 2003 . The first, relatively stable in time, is recorded as a stable transepithelial electrical potential difference (PD). The second is dependent on excitation by mechanical stimulation of nervous receptors on frog skin, which results in reversible and short-lived hyperpolarization (dPD). The processes of ion transport in the frog skin are beyond the control of the hormonal-, immune-and nervous systems.
The frog skin is richly innervated by the intradermal nervous system, forming a part of the autonomous system (KATZ & NAGEL 1994) . Nerve fibres of the frog skin can be excited both by mechanical (CALOF et al. 1981; CATTON 1976 ) and chemical stimuli (RANG et al. 1991) , e.g. 5-HT. Based on the data, excitation of free nerve endings results in the secretion of neurotransmitters of the NANC system (NKA, SP, CGRP, and other), which modify ion transport through epithelia (BEVINS & ZASLOFF 1990; LIPPE et al. 1994) .
The aim of this study was to examine the effect of serotonin and epinephrine on ion transport of isolated frog skin.
The objective of this study was to examine the effect of epinephrine on the value of the transepithelial electrical potential difference and mechanosensitivity of isolated frog skin before and after serotonin application.
Material and Methods

Animals
The experiments were carried out on male and female frogs (Rana esculenta L.), which were kept at 4°C. The studies were performed during the hibernation period of frogs (November till February). The experiment had been previously approved by the local Universities Committee for Ethical Animal Experiments.
Experimental procedure
Experiments consisted of measurements of the transepithelial electrical potential difference (PD) of the skin placed in an Ussing apparatus. The Ussing apparatus had been modified as described previously (KOSIK-BOGACKA & TYRAKOWSKI 2001 , 2002 , 2003 . The principal modifications were as follows: 1) the tissue was mounted horizontally, 2) the nozzle, connected to a peristaltic pump by tubing, was fixed to the wall of the chamber in such a way that the jet flux of stimulation fluid could rinse the mucosal surface of the mounted tissue. PD was established when compensation current intensity of the external battery was I = ±0 mA. The measuring equipment were a voltage/current clamp apparatus -EVC 4000 (WPI, USA) and a recorder -BD 111 (Kipp and Zonnen, Netherlands), which were connected to the Ussing apparatus by Ag/AgCl electrodes and agar bridges. Electrical stability tests of the experimental system (blank tests) were performed through application of the drugs on a synthetic cellophane membrane placed in the Ussing apparatus instead of living tissue.
Isolation of frog skin
The frogs were stunned, decapitated and doubly pithed. Abdominal skin was carefully excised, divided into fragments about 2 cm 2 , and incubated in a well-aerated solution before mounting in the Ussing apparatus.
Stimulation
Mechanical stimulation was performed by directing a jet of bathing medium on the mucosal surface of the skin. The pulsation of the rinsing fluid flow was maintained by a peristaltic pump; the fluid flowed from a nozzle mounted in the measuring chamber. The internal diameter of the nozzle was approximately 1.5 mm. It was placed at a distance of 12 mm from the mucosal surface of the tissue. Standard stimulation consisted of 8-9 jets of fluid, with a total volume of 2.50 ml applied over 30 s. The dPD which denotes the hyperpolarization during mechanical stimulation was calculated as the difference between the maximum stimulation effect and the control value PD before stimulation.
Combined mechanical and chemical stimulation were performed by the application of serotonin (0.005 mM, H-9523) and epinephrine (0.01 mM) on the mucosal surface of the skin.
Solutions
The solutions used throughout the experiment were as follows -(concentrations in mM): All chemicals were supplied by Simga-Aldrich Ltd., Poland.
Statistical analysis
Results are given as a mean standard error of the mean (SEM). Statistical evaluation was made by the Student´s t-test in the "Statgraphics" computer program. Differences were considered significant at the level of 0.05.
Results
Effect of 5-HT
The different incubation environments described above were used to test the effect of serotonin dPD and mechanosensitivity of frog skin (Table 1 ).
The addition of serotonin on frog skin incubated in Ringer solution lowered resulted in the disappearance of hyperpolarization by 46% in comparison with the mechanical stimulation and did not affect the mechanical stimulation after application of 5-HT (Table 1, Fig. 1a) .
Incubation of the frog skin in amiloride eliminated the reaction after mechanical stimulation. The addition of 5-HT did not affect hyperpolarization and induced a reaction during mechanical stimulation after 5-HT of -1.0 ± 0.4 mV ( Table 1, Fig. 1b ).
The addition of serotonin after initial incubation of the skin with amiloride and subsequently in Ringer solution decreased hyperpolarization by 24% in comparison with the control reaction (MS) and did not affect the mechanical stimulation after 5-HT (Table 1, Fig. 1c ).
After incubation of the frog skin with bumetanide, hyperpolarization decreased by some 76% in relation to control stimulation The application of serotonin decreased hyperpolarization by 67% in comparison with the control reaction (MS). The value of the reaction to mechanical stimulation after application of serotonin did not differ from the reaction value before this compound was administered (Table 1, Fig. 1d ).
Effect of epinephrine
The direct effect of epinephrine on dPD was examined, similarly to serotonin, along with the reaction value during mechanical stimulation (Table 1) . Epinephrine was administered twice, before and after serotonin.
The addition of epinephrine on frog skin incubated in RH did not affect hyperpolarization, which was comparable to the control reaction (Table 1 , Fig. 1a ). Repeated application of this compound after serotonin increased the hyperpolarization by 46% (Fig. 2a) . In both cases EPI did not affect the reaction value during mechanical stimulation.
After incubation of the frog skin with amiloride, the addition of EPI did not affect the values of the examined parameters. The reaction value during EPI application and during mechanical stimula- Table 1 The influence of serotonin (5-HT) and epinephrine (EPI) modulation of hyperpolarization (dPD in mV) of isolated frog skin after mechanical stimulation (MS) by gentle, pulsatile rinsing The values represent the means ± SEM. The dPD (in mV) is the difference between maximum stimulation value of transepithelial electrical potential difference and that immediately before stimulation. The isolated skin was studied in an Ussing chamber and the solutions applied throughout the experiments were: RH/RH -Ringer solution used as incubation, bathing and stimulation solutions; AMI/AMI -Ringer solution with amiloride used as incubation, bathing and stimulation solutions; AMI/AMI (RH) -incubation using Ringer solution with amiloride, afterwards Ringer solution used as incubation, bathing and stimulation solutions; BUME/BUME -Ringer solution with bumetanide used as incubation, bathing and stimulation solutions; MS -stimulation by pulsatile rinsing of the epithelial surface of skin by output from a peristaltic pump as described in experimental conditions; EPI -epinephrine (0.01 mM) was added to the stimulation solution; 5-HT -serotonin (0.005 mM) was added to the stimulation solution. *a, *b, *c, *d -significantly different fom the a, b, c, d at P<0.05. Fig. 1b) . Repeated application of EPI in this group resulted in hyperpolarization, the value of which was -1.5 ± 0.6 mV (Fig. 2b) . Mechanical stimulation following the addition of EPI resulted in hyperpolarization, the value of which was -0.9 ± 0.3 mV.
The addition of epinephrine to frog skin initially incubated with AMI and subsequently in RH solution lowered the hyperpolarization by 48% in comparison with the control reaction and decreased the reaction value during mechanical stimulation by 14% (Table 1, Fig. 1c) . Application of EPI after serotonin decreased by 19% the dPD and 38% the reaction value during mechanical simulation (Fig. 2c ).
After incubation with bumetanide, addition of EPI before and after application of serotonin did not affect the value of the examined parameters of the frog skin (Table 1 , Fig. 1d and Fig. 2d ).
Discussion
Basic electrophysiological parameters
Isolated frog skin is a basic model for electrophysiological tests using Ussing's chamber (KOEFOED-JOHNSEN & USSING 1958) . It has been determined that in a physiological environment, this organ is in release state or is activated. The release condition reflects the constant transepithelial electrical potential difference (PD) which is created and modified by the local, transepithelial ion transport. The activated state is characterised by hyperpolarization (dPD). dPD depends on the stimulation of C-fibres and on the release of non adrenergic non cholinergic (NANC) neuropeptides, which stimulate electrogenic ion transport (KOSIK-BOGACKA & TYRAKOWSKI 2001 , 2002 , 2003 .
On the basis of the experiment with inhibitors of the apical sodium channel (amiloride) and chlo- & TYRAKOWSKI 2001 & TYRAKOWSKI , 2002 & TYRAKOWSKI , 2003 USSING & ZERAHN 1951) , it can be stated that the value of transepithelial electrical potential difference (PD) and dPD of the frog skin depend primarily on the transepithelial sodium transport, whereas the transport of chloride and other ions is less significant (Table 1) .
Effect of 5-HT 5-hydroxytryptamine (5-HT, serotonin) is an important biogenic amine, which has effects on ion transport across the epithelium. Research on animals indicates that the effect of 5-HT on ion transport depends both on the animal species and organ.
In the renal tubules of dogs, 5-hydroxytryptamine stimulates active sodium transport (BLACKMORE 1958) , in the trachea epithelium 5-HT stimulates chloride secretion and inhibits sodium absorption (TAMAOKI et al. 1997) .
In the small intestine, 5-HT stimulates water and chloride secretion and inhibits NaCl absorption (HARDCASTLE et al. 1981; KISLOFF & MOORE 1976) . A different effect of serotonin on transepithelial ion transport in different organs belonging to the same system may be related with differences in their innervation, corroborated by HARDCASTLE and HARDCASTLE (1997) .
The effect of serotonin on frog skin depends on its concentration. The addition of 5-HT in low concentrations stimulates transepithelial sodium transport and reduces chloride transport (DALTON 1976) . A high concentration of serotonin reduces chloride transport and inhibits sodium transport (DALTON 1977) .
In the presented study, serotonin diminished the value of reaction after incubation in the control environment, after incubation with BUME and after initial incubation with AMI and later in RH (Table 1) .
These findings indicate that serotonin inhibits sodium transport, which shows that there is no effect of this compound on the reaction after inhibition of Na + transport (amiloride), and a decreased reaction was observed after an inhibitor of chloride transport (bumetanide) was administered.
Effect of epinephrine
The epithelium layer of the skin of Rana esculenta contains both á-and â-adrenergic receptors (RAJERISON et al. 1972) . A commonly described reaction of epinephrine to ionic transport was the intensification of chloride ion secretion (WELSH 1987) .
Epinephrine increases the short circuit current in isolated frog skin (USSING & ZERAHN 1951) . It has been found that the effect of norepinephrine on ion transport in the frog skin depended on the concentration of this hormone. A low concentration of norepinephrine increased the short circuit current by increasing the active influx of sodium ions (BASTIDE & JARD 1968) . A high concentration increased the outflux of sodium ions and influx of chloride ions, which is probably related with the effect of norepinephrine on mucous glands (GUDME et al. 2000) . WATLINGTON (1968 WATLINGTON ( , 1969 argued that the stimulation of receptors located in epithelial cells of frog skin reduced active sodium transport, whereas the stimulation of receptors occurring in mucous glands increased the influx of Na + .
In this study, epinephrine administered in control conditions after blocking apical sodium channels by amiloride, did not affect the magnitude of hyperpolarization and the reaction value during mechanical stimulation after the application AD (Table 1 ). The lack of reaction to AD in these groups results from the fact that hyperpolarization in the frog skin depends primarily on sodium transport, while chloride transport plays a less significant role. This corroborates the fact that there is a reduction in reaction to epinephrine after the application of the inhibitor of chloride transport (bumetanide) for incubation of the frog skin.
Repeated addition of this compound after 5-HT in control conditions and after blocking apical sodium channels resulted in an increase in the reaction values. The reaction value during mechanical stimulation in the RH group did not change, whereas it increased in the AMI group in comparison with the control reaction. This resulted from the stimulation by AD of sodium transport blocked by serotonin.
An entirely different effect was observed after administering EPI on the skin initially incubated with AMI and later in RH. Under these circumstances, epinephrine caused a drop in reaction and did not affect the reaction value during mechanical stimulation. This may be related to the inhibiting effect of epinephrine on the secretion of chlorides, since during rinsing of amiloride from tissues by Ringer solution, not only sodium but also chloride channels are stimulated. This hypothesis is corroborated by a high PD value in this group, even higher than in the controlled environment and a slight reduction in reaction to serotonin. This hypothesis is further corroborated by the reaction of this group to a repeated addition of EPI. The application of epinephrine did not affect the reaction value and reduced it during mechanical stimulation.
In conclusion, this study indicates that serotonin inhibits the sodium ion current. Epinephrine inhibits the chloride ion current, but after application of serotonin EPI stimulates sodium ion transport.
